To determine if the enhanced glycemic response to epinephrine in patients with insulin-dependent diabetes mellitus (IDDM) is the result of increased adrenergic sensitivity per se, increased glucagon secretion, decreased insulin secretion, or a combination of these, plasma epinephrine concentration-response curves were determined in insulin-infused (initially euglycemic) patients with IDDM and nondiabetic subjects on two occasions: once when insulin and glucagon were free to change (control study), and again when insulin and glucagon were held constant (islet clamp study). During the control study, plasma C-peptide doubled, and glucagon did not change in the nondiabetic subjects, whereas plasma C-peptide did not change but glucagon increased in the patients. The patients with IDDM exhibited threefold greater increments in plasma glucose, largely the result of greater increments in glucose production. This enhanced glycemic response was apparent with 30-min increments in epinephrine to plasma concentrations as low as 100-200 pg/ ml, levels that occur commonly under physiologic conditions. During the islet clamp study (somatostatin infusion with insulin and glucagon replacement at fixed rates), the heightened glycemic response was unaltered in the patients with IDDM, but the nondiabetic subjects exhibited an enhanced glycemic response to epinephrine indistinguishable from that of patients with IDDM. In contrast, the FFA, glycerol, and fl-hydroxybutyrate responses were unaltered. Thus, we conclude the following: 1) Short, physiologic increments in plasma epinephrine cause greater increments in plasma glucose in patients with IDDM than in nondiabetic subjects, a finding likely to be relevant to glycemic control during the daily lives of such patients as well as during the stress of intercurrent illness. 2) Enhanced glycemic responsiveness of patients with IDDM to epinephrine is not the result of increased sensitivity of adrenergic receptor-effector mechanisms per se nor of their increased glucagon secretory response; rather, it is the result of their inability to augment insulin secretion. 3) Augmented insulin secretion, albeit restrained, normally limits the glycemic reDr. Berk's current address is the Division
Introduction
Shamoon et al. (1) demonstrated that patients with insulindependent diabetes mellitus (IDDM)' exhibit an enhanced glycemic response to epinephrine. Studying patients infused with insulin in doses sufficient to produce normal plasma glucose concentrations and glucose turnover rates at base line, they found that prolonged infusion of epinephrine to plasma concentrations of 300-450 pg/ml caused an increase in plasma glucose greater than that which occurred in nondiabetic controls, the result of an enhanced and more sustained increase in glucose production. They suggested that this contributes to the pathogenesis of stress hyperglycemia in IDDM.
The cause of the enhanced glycemic response to epinephrine in patients with IDDM is not known. Shamoon et al. (1) suggested increased sensitivity of the liver per se but acknowledged that a role for insulin deficiency could not be excluded. Further, it is not known if short increments in plasma epinephrine to levels that occur commonly in humans also produce an increased glycemic response in patients with IDDM. Indeed, 90-120 min of substantial epinephrine elevations appeared to be required to demonstrate disparate responses of patients and nondiabetic individuals (1) .
The physiologic mechanisms of the hyperglycemic effect of epinephrine are complex. Normally, they involve both direct and indirect (hormone-mediated) actions, are the result of both stimulation of glucose production and limitation of glucose utilization, and are mediated through both p3-and aadrenergic receptors in humans (2) (3) (4) (5) (6) (7) (8) (9) . a-Adrenergic limitation of insulin secretion is normally an important indirect hyperglycemic action of epinephrine (2) (3) (4) (5) (6) . On the other hand, there is some increase in insulin secretion, albeit limited, during sustained epinephrine elevations (3, 5) ; the physiologic relevance of this has not been established previously. The role of epinephrine-stimulated glucagon secretion, observed in some (2, 3, 7) but not all (5, 6) studies, is unclear. Epinephrinestimulated increments in glucose production clearly occur in the absence of glucagon release (4, 7); Gray et al. (7) concluded that the effect of epinephrine on glucose production is normally independent of glucagon. The direct hyperglycemic actions of epinephrine (4, 8) involve both limitation of glucose utilization and stimulation of glucose production. The former is mediated through j3-adrenergic mechanisms (4, 8) . In humans, direct stimulation of hepatic glucose production is mediated predominantly through f3-adrenergic mechanisms (4) , although a small direct a-adrenergic component can be demonstrated under some conditions (9) .
The mechanisms of the hyperglycemic effect of epinephrine differ in patients with IDDM. To the extent that endogenous insulin secretion is deficient, a-adrenergic limitation of insulin secretion cannot play a role. Among other potential indirect hyperglycemic actions, the glucagon secretory response to epinephrine has been found to be increased in humans with IDDM (10, 11) and in insulin-deficient dogs (12) . Evidence that enhanced glucagon secretion contributes to the hyperglycemic response to epinephrine in experimental diabetes has been presented (12, 13) . Both the direct hyperglycemic actions of epinephrine (4, 8) , discussed earlier, and the glucagon secretory response to epinephrine (4, 7, 10) are mediated through f3-adrenergic mechanisms. Whereas fl-adrenergic blockade with propranolol reduces the hyperglycemic response to epinephrine minimally (3, 14) in nondiabetic humans, it reduces the response markedly (10, 14) in patients with IDDM. Thus, in contrast to nondiabetic individuals, the response is mediated predominantly through fl-adrenergic mechanisms in patients with IDDM. The enhanced glycemic response to epinephrine in patients with IDDM (1) could be the result of increased responsiveness of adrenergic receptor-effector mechanisms per se. However, the fact that such patients do not have a generalized increase in f3-adrenergic receptor density or affinity or in adenylate cyclase sensitivity to a $l-adrenergic agonist ( 15) argues against that possibility. Alternatively, increased glycemic responsiveness to epinephrine could be the result of decreased insulin secretion, increased glucagon secretion, or both in patients with IDDM. To test the latter hypothesis, we measured the responses to physiologic plasma epinephrine increments in patients with IDDM (selected for the absence of adrenergic neuropathy) and nondiabetic subjects on two occasions: once when changes in insulin and glucagon were free to occur and once when the levels of these were held constant. The data indicate that patients with IDDM have increased glycemic responsiveness to plasma epinephrine concentrations that span the physiologic range, and that this is the result of their inability to augment insulin secretion as the plasma glucose concentration rises. They Experimental design. All subjects were admitted to the General Clinical Research Center the day before study. Each was studied, after a 14-h overnight fast and in the supine position, on two occasions, during a control study and an islet clamp study, separated by at least 2 wk. The design is outlined in Fig. 1 . Intermediate or long-acting insulin therapy was last administered 48 h before study in the patients; diabetes was managed with regular insulin thereafter. From 1600 h on the day before study to 0600 h on the day of study euglycemia (-90 mg/dl) was maintained with a variable intravenous insulin infusion, using a dosage algorithm based upon hourly bedside glucose monitoring (16) . This is designated "open loop" in Fig. -1 . Starting at 0600 h on the day of study, both patients and nondiabetic subjects were handled identically. Using a closed loop system, the Biostator, (Miles Ames Div., Miles Laboratories, Inc., Elkhart, IN), an individualized intravenous insulin infusion dose that produced stable plasma glucose levels of -75 mg/dl was determined. When this was stable for at least 30 min, and no earlier than 0830 h, the insulin infusion rate was fixed (i.e., insulin infusion was no longer feedback controlled) and held constant at the 0800-0830 h rate throughout the remainder of the study. The islet clamp studies were identical to the control studies just described except that somatostatin (Beckman Instruments, Inc., Fullerton, CA) in a dose of 250 sg/h and glucagon (Eli Lilly Co., Indianapolis, IN) in a dose of 1.0 ng/kg-' per min' were also infused from 0700 h through the end of the study. Thus, this is a modification of widely used clamp techniques (17) , particularly the "pancreatic clamp" used extensively in dogs by Cherrington and colleagues (18, 19) . A unique feature is the use of the Biostator to determine an insulin infusion dose that is individualized for each study to achieve and maintain a preselected plasma glucose concentration and then fixed at that rate. Blood glycerol (20) , fl-hydroxybutyrate (20) , lactate (21) , and alanine (22) were measured with microfluorometric techniques, and serum fatty acids with a colorimetric method (23) . Plasma epinephrine and norepinephrine were measured with a single isotope derivative method (24) , using 5S0-i samples. Plasma cortisol (25) and growth hormone (26) were measured with standard radioimmunoassays. To eliminate cross-reacting high molecular weight nonglucagon species (27, 28) , plasma glucagon was measured (by double antibody radioimmunoassay using antiserum 30K) after precipitation of these with polyethylene glycol (PEG), using the method of Ensinck (29). Plasma, from blood samples collected in aprotinin (Trasylol, 500 IU/ml), was mixed with an equal volume of 26% PEG at 4VC for I h. Glucagon recoveries of 85% were used to correct the final values. For comparison, glucagon was also measured in aliquots of plasma not subjected to PEG precipitation. Without PEG, mean (±SD) plasma "glucagon" levels were 2311±245 pg/ml (range 67-908 pg/ml) in base-line samples from nondiabetic subjects. Corresponding values after PEG were 67±28 pg/ ml (range 33-114 pg/ml). The two determinations were not correlated (r = 0.166). Without PEG, mean plasma "glucagon" levels were 148±28 pg/ml (range 99-187 pg/ml) in base-line samples from the patients with IDDM. Corresponding values after PEG were 48±16 pg/ml (range 24-71 pg/ml). Again, the two determinations were not correlated (r = 0.560). Plasma insulin (30) and C-peptide (31) were also measured in the PEG supernatants. Materials for the C-peptide radioimmunoassay were provided by the Novo Research Institute, Copenhagen, Denmark. Standard curves were constructed in 13% PEG. Detection limits and between assay coefficients of variation were 10 pg/ml and 7% for epinephrine, 16 pg/ml and 5% for norepinephrine, 3 IAU/ml and 12% for insulin, 0.01 nmol/liter and 10% for C-peptide, 12 pg/ml and 9% for glucagon, 0.5 ng/ml and 10% for growth hormone, and 3.0 ,g/dl and 12% for cortisol. Glucose appearance (production) and disappearance (utilization) rates were calculated, as described previously (5, 6, 9).
Statistical methods. Statistical analysis involved fitting polynomial equations to individuals' time-related data for each parameter of interest and performing multivariate analysis of variance on the polynomial coefficients to identify group and condition differences. This approach eliminated the multiple comparison difficulties and lack of independence of observations associated with multiple tests performed at individual time points. The time-related data for each subject under each experimental condition were adjusted to base line by calculating the average for an individual's measured values before and including time 0 and subtracting this average value from all data points. A fourth degree polynomial was fit by least squares regression analysis to the adjusted data for each subject. These polynomial coefficients provided the data used in a multivariate analysis of variance. Four specific contrasts were tested for significance: the difference between the islet clamp study and the control study for patients with IDDM, the difference between the islet clamp study and the control study for nondiabetic subjects, the difference between subjects with IDDM and nondiabetics in the control study, and the difference between subjects with IDDM and nondiabetics in the islet clamp study. All calculations were performed on the Washington University Medical School's VAX 11/780 computer. The polynomial regression analyses were performed using the RS/1 V12.0 software package. The multivariate analyses of variance were performed using VAX SAS 4.07. Between and within group comparisons were then made with a t test for unpaired or paired data. Linear regression analysis was used to calculate correlation coefficients. The coefficient of variation is the standard deviation divided by the mean. Data are expressed as the mean±SE except where the standard deviation is specified.
Results
Base-line data. Base-line data in both the nondiabetic subjects and the patients with IDDM from both the control and islet clamp studies are shown in Table I . These zero time values are from just before initiation of epinephrine infusions, i.e., during fixed, individualized insulin infusions in both groups and both studies and fixed somatostatin and glucagon infusions in the islet clamp studies. They document that the basic objectives of the experimental design were accomplished: 1) plasma glucose concentrations and glucose production and utilization rates were comparable in both groups on both study days. 2) Plasma epinephrine, norepinephrine, free insulin, glucagon, and cortisol levels were comparable at base line in both groups on both study days. 3) Plasma C-peptide and growth hormone were suppressed on the islet clamp days. Further, C-peptide levels were substantially lower in patients with IDDM than in nondiabetic subjects before the control study. Inexplicably, base-line plasma growth hormone levels were somewhat higher in the nondiabetic subjects before the control study.
The base- either study or between studies in either group. Plasma norepinephrine curves were slightly lower in nondiabetic subjects during the control, but not the islet clamp study; these did not differ between studies in either group (Table III) .
Plasma glucose concentrations and kinetics (Fig. 2) . During epinephrine infusions plasma glucose concentration, glucose production rate, and glucose utilization rate curves were significantly higher in patients with IDDM than in nondiabetic subjects during the control study, but these did not differ between the two groups during the islet clamp study (Table   III) . Compared with the control study, plasma glucose concentration and glucose production rate curves were significantly higher in the nondiabetic subjects, but not different in the patients with IDDM, during the islet clamp study (Table III) .
During the control study, plasma glucose rose from a zero time value of 80±2 mg/dl to a final value of 116±5 mg/dl (P < 0.001) in the nondiabetic subjects and from 79±3 mg/dl to 181±14 mg/dl (P < 0.001) in the patients with IDDM in response to epinephrine infusions. Plasma glucose levels were significantly (P < 0.005) higher in the patients at epinephrine infusion rates of 0.5-5.0 jg/min. The higher plasma glucose concentrations in the patients with IDDM were largely the result of higher glucose production rates (Fig. 2) . During the islet clamp study plasma glucose rose from a zero time value of 77±3 mg/dl to a final value of 205±12 mg/dl (P < 0.001) in the nondiabetic subjects and from 73±2 mg/dl to 208±18 mg/dl (P < 0.001) in the patients with IDDM in response to epinephrine infusions. The greater glycemic response to epinephrine in nondiabetic subjects during the islet clamp than during the control study was likewise largely due to increased glucose production. The relationship between plasma glucose and epinephrine concentrations in both groups during both studies is shown in Fig. 3 . Clearly, patients with IDDM exhibited an increased glycemic response to a given epinephrine level during the control study, and this enhanced glycemic response was produced in nondiabetic subjects during the islet clamp study. Further, increased glycemic responsiveness was demonstrated with short (30 min) increments in plasma epinephrine to levels in the range of 100-200 pg/ml. Hormones (Fig. 4) . During epinephrine infusions, plasma C-peptide curves were significantly higher in nondiabetic subjects than patients with IDDM, during the control study but not during the islet clamp study; C-peptide levels were higher during the control study than during the islet clamp study in the nondiabetic subjects but not in the patients with IDDM (Table III) . Although an apparent increase in plasma free insulin from a zero time value of 23±4 ,gU/ml to a final value of 33±8 uU/ml was not significant, plasma C-peptide rose from 0.22±0.06 nmol/liter to 0.46±0.09 nmol/liter (P < 0.01) in nondiabetic subjects during the control study. Neither plasma insulin nor C-peptide levels changed during the control study in patients with IDDM or during the islet clamp study in either group; C-peptide levels remained suppressed throughout the islet clamp study in the nondiabetic subjects.
Plasma glucagon curves did not differ significantly between groups in either the control or islet clamp studies or between studies in either the nondiabetic subjects or the patients with IDDM (Table III) . Nonetheless, in response to epinephrine infusions plasma glucagon levels increased (from a zero time value of 48±6 pg/ml to a maximum value of 112±26 pg/ml [P < 0.05]) only during the control study in patients with IDDM (Fig. 4) . There was no evidence of breakthrough of either insulin or glucagon secretion during the islet clamp studies. Plasma growth hormone and cortisol curves did not differ between groups in either study or between studies in either group (Table III) . Plasma growth hormone decreased from a zero time value of 8.7±3.1 ng/ml to a final value of 1.0±0.4 ng/ml in nondiabetic subjects and from 3.8±1.2 ng/ml to 0.7±0.2 ng/ml (P < 0.05) in patients with IDDM during the control study, and remained suppressed to <0.5 ng/ml in both groups throughout the islet clamp study. Plasma cortisol declined in both groups during both studies (Fig. 4) .
In response to epinephrine infusions serum FFA concentrations (Fig. 5) (Fig. 6) rose from a zero time value of 85±14 jmol/liter to a final value of 166±17 umol/liter (P < 0.01) in the nondiabetic subjects and from 155±27 jmol/liter to a maximum value of 255±40 ,mol/liter (P < 0.05) in the patients with IDDM during the control study. Similar increments, from 105±12 ,mol/liter to 188±22 gmol/liter (P < 0.01) in the nondiabetic subjects and from 166±30 ,umol/liter to 286±52 umol/liter (NS) in the patients with IDDM, occurred during the islet clamp study. Blood (3- hydroxybutyrate concentrations (Fig. 5) rose from a zero time value of 90±9 ,mol/liter to a final value of 412±83 jsmol/liter (P < 0.01) in the nondiabetic subjects and from 401±94 umol/ liter to 1,467±jumol/liter (P < 0.001) in the patients with IDDM during the control study. Similar increments, from 81±7 gmol/liter to 384±84 ,umol/liter (P < 0.01) in the nondiabetic subjects and from 314±84 jmol/liter to 1,499 gmol/ liter (P < 0.01) in the patients with IDDM, occurred during the islet clamp study.
Blood lactate curves did not differ significantly between groups in either the control or the islet clamp studies nor between studies in either the nondiabetic subjects or the patients with IDDM (Table III) . During epinephrine infusions, blood lactate rose from a zero time value of 999±102 Amol/ liter to a final value of 2,671±361 smol/liter (P < 0.001) in the nondiabetic subjects and from 925±61 t.mol/liter to 1,794±177 gmol/liter (P < 0.01) in the patients with IDDM during the control study. Similar increments, from 1,150±127
,umol/liter to 3,403±317 gmol/liter (P < 0.001) in the nondiabetic subjects and from 905±100 Mmol/liter to 2,421±376 Mmol/liter (P < 0.01) in the patients with IDDM, occurred during the islet clamp study. The relationships between lactate and epinephrine levels are also shown in Fig. 6 .
When adjusted for differences at base line, blood alanine curves did not differ significantly between groups in either the control or islet clamp studies; blood alanine curves were slightly higher in the patients with IDDM during the islet clamp study (Table III) Heart rate and blood pressure (Fig. 7) . When adjusted for differences at base line, heart rate curves did not differ significantly between groups in either study. The heart rate curve for nondiabetic subjects was slightly lower during the islet clamp study than during the control study (Table III) . In response to epinephrine infusions, heart rate increased similarly in both groups in both studies. When adjusted for differences at base line, systolic and diastolic blood pressure curves did not differ significantly between groups in either study or between studies in either group (Table II) . In response to epinephrine infusions, systolic blood pressure increased similarly in both groups in both studies. Diastolic blood pressure did not change significantly in either group in either study.
Discussion
These data demonstrate that patients with IDDM, infused with insulin in doses sufficient to produce normal plasma glucose concentrations and glucose turnover rates at base line, exhibit an enhanced glycemic response to epinephrine, results similar to those reported by Shamoon et al. (1) . Greater epinephrinestimulated increments in the plasma glucose concentration are largely the result of greater increments in glucose production in patients with IDDM (present data and reference 1). However, since plasma glucose concentrations are higher in the patients one could reason that glucose utilization rates only slightly greater than those of nondiabetic subjects are inappropriately low and, therefore, that limitation of glucose utilization by epinephrine is also a factor.
The present dose-response data with and without the islet clamp technique extend previous information in that they demonstrate that increased glycemic responsiveness to epinephrine occurs with short increments in plasma epinephrine to levels that span the physiologic range in patients with IDDM, establish that enhanced glycemic responsiveness to epinephrine in patients with IDDM is the result of their inability to augment the secretion of insulin, and indicate that augmented insulin secretion normally limits the glycemic (but not the lipolytic or ketogenic) response to epinephrine. Short (30 min) increments in epinephrine to plasma concentrations as low as 100-200 pg/mI resulted in greater increments in plasma glucose in patients with IDDM than in nondiabetic subjects. Plasma epinephrine levels of this magnitude occur commonly, e.g., during moderate exercise or cigarette smoking (32) or in response to plasma glucose decrements from the high to the low physiologic range (31, 33 inhibition of insulin secretion in the nondiabetic subjects; if it were the result of another effect of somatostatin the glycemic response of the patients with IDDM should also have been altered. Thus, the data establish that patients with IDDM exhibit enhanced glycemic responsiveness to epinephrine because they cannot augment insulin secretion as the plasma glucose concentration rises. It should be emphasized that the patients studied were selected for the absence of diabetic adrenergic neuropathy. It is conceivable that chronically decreased catecholamine release could lead to up-regulation of adrenergic receptor-effector systems. Indeed, Hilsted and co-workers (45) have reported recently that patients with diabetic autonomic neuropathy exhibit a somewhat greater glycemic response to epinephrine than those without autonomic neuropathy; both groups, of course, had substantially greater glycemic responses than nondiabetic subjects.
The data also provide insight into physiologic modulation of the glycemic response to epinephrine. Although limitation of insulin secretion contributes to the hyperglycemic effect of epinephrine (2-6), as discussed earlier, it is clear from the present data that an increase in insulin secretion, albeit restrained, normally limits the glycemic response to epinephrine. During the control study in nondiabetic subjects epinephrine infusions resulted in a twofold increase in plasma C-peptide concentrations and a relatively small increase in plasma glucose; undoubtedly restrained by a-adrenergic stimulation, this increase in insulin secretion could have been the result of a rising plasma glucose concentration, (l-adrenergic stimulation, or both. However, when these nondiabetic subjects were unable to secrete insulin during the islet clamp study, their glycemic response to epinephrine was increased more than threefold to levels comparable to those of patients with IDDM.
In contrast to the glycemic response, the data indicate that insulin secretion does not normally limit the lipolytic or ketogenic responses to epinephrine and that patients with IDDM have an enhanced ketogenic, but not lipolytic, response to the hormone. Despite 17 h of intravenous insulin in doses sufficient to produce normal plasma glucose concentrations and glucose turnover rates, as well as suppressed blood alanine levels, our patients with IDDM had elevated base-line serum FFA and blood glycerol and ,B-hydroxybutyrate levels on both study occasions. This pattern has been observed in several (46) (47) (48) , but not all (49), previous studies using intravenous insulin and in a study using subcutaneous insulin (50) in patients with IDDM. In view of these differences at base line in the two groups, comparisons of the responses with epinephrine must be interpreted with caution. Nonetheless, since absolute increments in serum fatty acids and blood glycerol were similar in both groups, patients with IDDM do not appear to have enhanced lipolytic responsiveness to epinephrine.
This contrasts with the greater absolute increases in blood ,Bhydroxybutyrate during epinephrine infusions in the patients with IDDM compared with the nondiabetic subjects. Thus, the data from the control study confirm other reports (51, 52) that patients with IDDM exhibit an enhanced ketonemic response to epinephrine that is not attributable to enhanced lipolysis and FFA delivery to the liver. Although one cannot exclude limited ketone clearance in patients with IDDM in the absence of kinetic measurements, this would seem an unlikely explanation since the ketonemic response to epinephrine is primarily due to an increase in ketone body production in nondiabetic subjects, even when insulin secretion is suppressed with somatostatin and ketone body concentrations are elevated (53). The data from the islet clamp study clarify but do not explain this observation. Since the enhanced ketonemic response to epinephrine occurred in both the control and islet clamp studies in the patients with IDDM, it is not attributable to increased glucagon secretion; since it was not produced in nondiabetic subjects during the islet clamp study, it is also not attributable to the inability of patients with IDDM to augment insulin secretion. Since the enhanced ketonemic, presumably ketogenic, responsiveness of patients with IDDM to epinephrine is not explicable on the basis of the dominant extracellular regulatory factors (increments in FFA delivery, glucagon, or the glucagon to insulin molar ratio [54]), it would appear to be the result of hepatocellular alterations not corrected by short-term insulin infusion sufficient to produce normal glucose concentrations and turnover rates. We would speculate that this might be depletion of fructose 2,6-bisphosphate, which would favor ketogenesis (54, 55); decreased hepatic fructose 2,6-bisphosphate levels correlate with ketosis and are restored to normal by relatively long-term, but not short-term insulin therapy in streptozotocin diabetic mice (55) .
In contrast to the comparison between groups, the physiologic interpretation of the data with respect to the lipolytic and ketogenic responses to epinephrine is straightforward. It is clear from the data from the nondiabetic subjects that augmented insulin secretion during epinephrine infusions does not normally limit the lipolytic or ketogenic responses since increments in circulating FFA, glycerol, and fl-hydroxybutyrate were not greater when insulin was held constant during the islet clamp study. This should not, of course, be taken to suggest that basal insulin does not limit the lipolytic and ketogenic responses to epinephrine; there is good evidence that it does (53).
We interpret the data in the physiologic context as follows. Although a-adrenergic restraint of insulin secretion contributes to the glycemic response to epinephrine (3-7), some augmentation of insulin secretion occurs normally in response to a rising plasma glucose concentration, ,B-adrenergic stimulation, or both. The increment in insulin secretion is relatively small; in the present study plasma C-peptide increased only twofold at the highest epinephrine level. Such insulin increments would be expected to impact largely on hepatic metabolism with minimal peripheral effects, at least with respect to carbohydrate metabolism (56) . Thus, increments in insulin during epinephrine elevations are sufficient to limit the epinephrine-induced increase in hepatic glucose production and the glycemic response but are not sufficient to limit the lipolytic response, presumably at peripheral sites, to the hormone. Since they do not limit the lipolytic response, they also do not limit the ketogenic response to epinephrine, which is determined primarily by FFA delivery to the liver (54, 57). From this it follows that patients with IDDM are unable to limit the epinephrine-induced increase in glucose production and the glycemic response because they are unable to augment insulin secretion, whereas the lipolytic response to the hormone is unaltered. However, an enhanced ketogenic response to epinephrine in such patients is unexplained. Lastly, increments in glucagon secretion do not appear to contribute to the glycemic, lipolytic, or ketogenic responses to epinephrine in humans.
From the data presented we draw the following conclusions: 1) Short, physiologic increments in plasma epinephrine cause greater increments in plasma glucose in patients with IDDM than in nondiabetic subjects, a finding likely to be relevant to glycemic control during the daily lives of such patients as well as during the stress of intercurrent illness. 2) Enhanced glycemic responsiveness of patients with IDDM to epinephrine is not the result of increased sensitivity of adrenergic receptor-effector mechanisms per se nor of their increased glucagon secretory response; rather, it is the result of their inability to augment insulin secretion. 3) Insulin secretion, albeit restrained, normally limits the glycemic response, but not the lipolytic or ketogenic responses, to epinephrine in humans.
